Progressive damage and failure strength of notched woven fabric composites under axial loading with varying strain rates by Boey, Y.K. & Kwon, Y.W.
Calhoun: The NPS Institutional Archive
Faculty and Researcher Publications Faculty and Researcher Publications Collection
2012-10-12
Progressive damage and failure strength of notched




Composite Structures 96 (2013), p. 824-932
http://hdl.handle.net/10945/48354
Composite Structures 96 (2013) 824–832Contents lists available at SciVerse ScienceDirect
Composite Structures
journal homepage: www.elsevier .com/locate /compstructProgressive damage and failure strength of notched woven fabric composites
under axial loading with varying strain rates
Y.K. Boey, Y.W. Kwon ⇑
Dept. of Mechanical & Aerospace Engineering, Naval Postgraduate School, Monterey, CA 93940, USAa r t i c l e i n f o
Article history:




Woven fabric composite0263-8223/$ - see front matter Published by Elsevier
http://dx.doi.org/10.1016/j.compstruct.2012.09.035
⇑ Corresponding author. Tel.: +1 831 656 3468.
E-mail address: ywkwon@nps.edu (Y.W. Kwon).a b s t r a c t
This study investigated the failure of notched and un-notched plain weave composite specimens subjected
to varying strain rate loading. Different strain rate axial loads were applied to observe the rate effect on the
failure. Both uniform and non-uniform strain rate loads were applied to the notched and un-notched com-
posite specimens, respectively. Notched specimens showed initial cracks at the edge of the hole before
final fracture. The initial crack under tensile loading became smaller as the strain rate increased. The initial
crack length was predicted using the finite element analysis of the non-homogeneous, micromechanics-
based model. The predicted length agreed well with the experimental measurement. Application of the
initial crack size for the characteristic distance of the Average Stress failure criterion yielded acceptable
tensile notch strengths. The compressive notch strength was less sensitive to the tensile notch strength.
The non-constant, varying strain rate loading showed that the failure strength and stiffness depend on
the history of the applied loading rates. The effects of the varying strain rates on both notched and
un-notched specimens were different qualitatively. However, the strength ratios of the notched to
un-notched specimens under varying rates were greater than those under constant rates regardless of
tensile or compressive loading.
Published by Elsevier Ltd.1. Introduction
There has been an increasing demand for lighter and stronger
aircraft and naval structures, which upsurges the interest in com-
posite materials to fully exploit their properties. In order to take
full advantage of the composite properties, it is important to
understand its characteristics and behavior under different load-
ing. Thus, deformation and fracture behavior of fiber reinforced
composites has received considerable attention because of their
importance in structural applications and design. Designing struc-
tural members requires open holes for connection, joint and access.
The holes tend to cause stress concentration in areas adjacent to
the hole edge, and they reduce the tensile and compressive load-
bearing capacities of the member. Therefore, it is important to take
note of this notch sensitivity when designing for bolt holes, joints
or cut-out. As a result, prediction of notched strength has been an
active area of research. Given the anisotropy, diversity of damage
modes, and complex failure progressions found in composites;
strength prediction is very difficult. There have been many differ-
ent approaches to predicting the notch strength. Those include
the application of linear elastic fracture mechanics, mechanics of
materials analysis, and detailed finite element techniques thatLtd.attempt to include micromechanical details and simulate individ-
ual damage modes [1–9]. Each method has its own pros and cons.
Some of the prediction theories are discussed in more detail in the
next section.
Some researcher conducted experimental tests to further
understand the notch failure under tension [10–12] as well as un-
der compression [13,14]. A study showed that the load–strain
behavior by the hole edge becomes nonlinear at about half the
fracture load for carbon/epoxy composites, which suggests that
damage initiates at this load level resulting in a more compliant
material [10]. Another study found that the correlation drawn be-
tween the notch strength and the characteristic length was that the
characteristic length decreased as the notched strength increased
[12]. The equivalent critical crack length corresponding to the
damaged zone size was twice the characteristic length when the
unstable fracture occurred. Compressive loading resulted in fiber
micro-buckling occurring in the vicinity of the hole prior to cata-
strophic failure [13].
All those studies were conducted mostly under static loading,
i.e. a very low strain rate loading. The effect of strain rate on com-
posite material behaviors has been also investigated extensively.
Some studies examined the strain rate effects on tensile properties
of composites [15–17]. The experimental results showed that the
tensile strength of the composite increased linearly with the strain
rate as the fiber orientation angles became higher. Although the
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rate in both thermosetting and thermoplastic epoxy resin speci-
mens, the strain rate effects of their tensile strength were quite
minimal. Unlike the above properties, the Poisson’s ratio decreased
with the strain rate. Other experimental results showed a signifi-
cant increase of the tensile strength of unidirectional GFRP by
increasing the strain rate. The tensile modulus and strain to failure
were also observed to increase slightly by increasing the strain
rate. It was also observed that the change from quasi-static to high
dynamic loading condition caused energy absorption to increase
resulting in a larger damage region.
Studies on effects of strain rates on compressive material prop-
erties have also been performed [18,19]. The compressive test re-
sults showed that the dynamic strength for GFRP increases with
increasing strain rates. The strain to failure for both CFRP and GFRP
decreased with increasing strain rate. Depending on the loading
rate, fiber kinking, which is prominent in GFRP coupled with the
micro-buckling, and fiber fracture were observed at low strain
rates while combination of global delamination, interfacial separa-
tion and spalling were observed at high strain rates, resulting in a
low strain to failure with high ultimate strength [18]. Furthermore,
it was observed that failure was dominated by fiber micro-buckling
at strain rates below 0.01 s1 and was dominated by matrix shear
failure at higher strain rates for the 15 off axis specimen [19].
The rate sensitivity study used un-notched specimens to under-
stand the stress–strain behavior resulting from the rate change.
Furthermore, all those studies considered a constant strain rate
loading during each individual test. However, most of loadings in
the real world are not at constant rates. Instead, the load varies
along with time, i.e. varying strain rate loading. As a result, the
objective of the study is to examine the progressive damage/failure
of notched and un-notched composite specimens under different
strain rates of tensile and compressive loads, respectively, using
a series of experiments. Additionally, the study will investigate
the varying strain rate effect on the strength and stiffness of
notched and un-notched composite specimens. In other words,
the applied loading rate is changed form one level to another for
the same specimen during its loading period.
The next section reviews some prediction models for tensile
notch strength, and the experimental setup and procedure are fol-
lowed. Then, the results and discussion are provided with conclu-
sions at the end.
2. Review of prediction theories for notch strength
Many different failure criteria have been developed for compos-
ite material. However, those criteria are not discussed here.
Instead, the theories to predict the notch strength based on the
un-notched strength and the hole size are presented. One of the
earliest attempts to predict notched strength of composite lami-
nates was the WEK failure theory [1] which applies Linear Elastic
Fracture Mechanics (LEFMs) [20] to composite materials. The basis
for the WEK model is the substitution of damage with an intense
energy region at the notch. The progression of damage in compos-
ite laminates can comprise of multiple damage types. The WEK
method evades the need to predict each damage type in the lami-
nate by using this smeared intense energy region. The WEK crite-







where a is the characteristic dimension of the intense energy region
and R is the radius of the hole. The value of f(a/R) can be found from
LEFM as provided in Ref. [21].
The WN criterion [2] postulates that failure of a notched lami-
nate occurs when the stress at the characteristic distance awayfrom the notch reaches the un-notched strength of the laminate.
The WN method can be implemented via either the ‘‘Point Stress’’
criterion or the ‘‘Average Stress’’ criterion [3].
The Point Stress criterion assumes that failure occurs when the
stress at the characteristic distance do is equal to or greater than
the un-notched strength of the laminate, and the strength ratio










and KT is the stress concentration factor. The Average Stress crite-
rion assumes that fracture occurs when the average stress over
the characteristic distance ao is equal to or greater than the un-











In these theories, the characteristic distance do or ao is deter-
mined experimentally and is used together with the data for curve
fitting.
Previous notch strength prediction techniques are mainly based
on the calculation of the stress field using the material properties
of the undamaged composite laminate, and failure is determined
based on some experimentally obtained values. They provide little
information in composite damage mode and growth.
Therefore, Damage Zone Model (DZM) [4] uses the fracture en-
ergy GC to account for all energy dissipated by the various damage
mechanisms. This model was originally used for analysis of con-
crete [5]. For a notched composite subjected to an external load,
damage can occur in the region adjacent to the notch. This damage
zone is replaced by a fictitious or equivalent crack, and is analyzed
via a Dugdale–Barenblatt method, with cohesive stresses acting on
the crack face. The damage increases in the material as the load in-
creases. This is modeled as the increased crack opening and longer
crack length. In general, the relationship between cohesive stress
and displacement is assumed linear. However, other relationships
can be selected based on the material. The unloaded material has
no equivalent crack if there is no damage. As damage increases,
the cohesive stresses decrease, with material softening occurring
due to damage. With this approach, stress redistribution and stiff-
ness degradation are calculated with classical or finite element
methods. This model was successfully applied to the open hole
compression, substituting the kink band region and delaminated
area with the equivalent crack [13,22]. For a variety of geometries,
lay-ups, thicknesses, and notch sizes, there seems to have a good
agreement between experimental and analytical predictions for
both strength and damage progression using the above technique.
However, complex finite element analysis is required, and substan-
tial computational effort is required to obtain convergence.
3. Experimental setup and procedures
This section describes the materials and procedures to fabricate
composite specimens as well as the testing equipment and testing
procedure. The Vacuum-Assisted Resin Transfer Molding (VARTM)
technique was used for fabricating composite coupons.
Fig. 1. Dimension of un-notched specimens for tensile tests. All dimensions in
millimeters.
Fig. 2. Dimension of perforated specimens for tensile tests. All dimensions in
millimeters.
Fig. 3. Dimension of test un-notched specimens for compressive test. All
dimensions in millimeters.
Fig. 4. Dimension of perforated specimens for compressive test. All dimensions in
millimeters.
Fig. 5. Dimension of alignment plate for compression test. (thickness of 3.95 mm)
All dimensions in millimeters.
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The composite samples were fabricated from E-glass and Dera-
kane 510 A vinyl ester resin. The E-glass used for this study is an
8.9 oz per square yard, bi-directional fiberglass E cloth. It is chosen
as it is tightly woven, and it has high performance and a high
strength to weight ratio.
The Derakane resin was mixed with Methyl Ethyl Ketone Perox-
ide (MEKP) 1.25%, Cobalt Napthenate (CoNAP) 0.2% solution, and
N-Dimethylaniline (DMA) 99.5% to achieve an approximately 1-h
cure time. The cure time must be kept to 1 h or less to avoid air
bubble formation in the sample. All components are mixed based
on a percent weight for a nominal 1-h cure time per manufac-
turer’s directions. MEKP was used as the initiator for the curing
reaction. If the sample is prepared at a temperature of 70 F or
greater, the CoNAP alone acts as the reaction catalyst and is there-
fore responsible for determining cure time. If the sample must be
prepared at a temperature less than 70 F, DMA must be added
in addition to CoNAP to achieve a 1-h cure time. The amounts of
MEKP, CoNAP, and DMA are used only to change the gel time,
and have no effect on the composite strength.
There are two different sets of coupons constructed during this
research. The construction process is the same but the number of
ply of the E-glass fiber is different to achieve different thickness.
Tensile test specimens are 2 mm thick and their dimensions are
shown in Figs. 1 and 2 while compressive test specimens are
4 mm thick and their geometries are shown in Figs. 3 and 4. The
compressive specimens should be thicker to avoid global buckling
failure of the specimens.3.2. Testing equipment and procedures
The compression test was performed using the Instron 4507
Universal Material Testing machine which has a 20 kN load cell.
The Series IX Instron software was used to control the load frame
and to provide data generated from the tests. The limitation
of the experiments was the maximum crosshead speed of
500 mm/minwhich greatly restricted themaximum strain rate that
could be tested. Emery cloth of 150 grit was placed in the grip to
give the gripped surface a uniform pressure distribution and also
to provide enough friction to stop slipping. Two aluminum align-
ment plates as shown in Fig. 5 were also machined and placed in
the grip to ensure that the gauge length was constant.




where V is the crosshead speed of the testing grip and lo is the
length between the grips. A notched specimen has a non-uniform
strain rate over the specimen. As a result, Eq. (6) just represents
the nominal strain rate for the perforated specimen. The applied
strain rate for the compression test was varied from 0.001 s1 to
0.2 s1. Table 1 shows the crosshead speeds used during the test.
All the experiments were repeated multiple times and consistency
was verified among the collected data. The specimens were loaded
in compression to failure at each crosshead speed.
The tension test was performed using the same machine that
was utilized for compression test. In order to make sure that there
is no slippage of the specimen, emery cloth of 150 grits was also
Table 1
The applied strain rate and crosshead speed for compression test.
Strain rate (s1) Gauge length (mm) Crosshead speed (mm/s)
1 0.001 40 0.04
2 0.01 40 0.4
3 0.1 40 4
4 0.2 40 8
Table 2
The applied strain rate and crosshead speed for un-notched tension specimen.
Strain rate (s1) Gauge length (mm) Crosshead speed (mm/s)
1 0.0005 80 0.04
2 0.005 80 0.4
3 0.05 80 4
Table 3
The applied strain rate and crosshead speed for notched tension specimen.
Strain rate (s1) Gauge length (mm) Crosshead speed (mm/s)
1 0.0005 90 0.045
2 0.005 90 0.45
3 0.05 90 4.5
Table 4







Un-notched 1 0.001 0.2 0.0275
2 0.2 0.001 0.0297
Notched 1 0.001 0.2 0.0289
2 0.2 0.001 0.0356
Table 5







Un-notched 1 0.0005 0.05 0.0138
2 0.05 0.0005 0.0223
Notch 1 0.0005 0.05 0.009801
2 0.05 0.0005 0.01196
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strain rate for the tension test was varied from 0.0005 s1 to
0.05 s1. Tables 2 and 3 show the crosshead speeds used during
the test for un-notched and notched specimens. The specimens
were also loaded in tension to failure at each crosshead speed.
In addition to the tension and compression tests performed
with constant strain rates, another set of tests were carried out
where the strain rate was changed during each test. The tests were
performed using the Instron 4507 Universal Material Testing ma-
chine. First the test started out with an initial crosshead speed
which was held constantly until the crosshead speed was ramped
up or down to a second speed where it was kept constant until the
specimen failed. The transition strain is approximately a half of the
failure strain of the first strain rate, which was acquired from the
previous set of tension and compression test. This varying rate
tests were performed for both tension and compression, and also
for un-notched and notched specimens. Tables 4 and 5 list the ap-
plied strain rates and the transition strains for the tests.
4. Results and discussion
This section presents the results of the various tests performed
on the composite specimens. The un-notched test is to enhance the
understanding of the composite under various strain rates, and to
provide baseline data to the notched specimens.
The test results are grouped according to loading type and the
varying strain rate loading. The findings from the tensile data are
presented first followed by compression data at constant strainrates. These are followed by non-uniform, varying strain rate load-
ing data.
4.1. Tension tests under constant strain rate loading
The uniform tensile strain loading was applied to both un-
notched and notched specimens, respectively. Figs. 6–8 show the
failure strength, fracture strain, and elastic modulus as a function
of the applied nominal strain rate. Because the notched specimens
should have a non-uniform stress/strain distribution over the spec-
imen, the nominal strain rate is much smaller than the peak strain
rate occurring at the notch tip. The peak strain can be computed
from the strain concentration factor at the notch tip.
The plots indicate that all the tensile strength, fracture strain,
and elastic modulus increase along with the applied strain rate.
The un-notched specimens have a greater positive slope than the
notched specimens as shown in Figs. 6 and 7. As the applied nom-
inal strain increases 100 times from 0.0005 s1 to 0.05 s1, the fail-
ure strength increases by 45% and 50% for the un-notched and
notched specimens, respectively, while the fracture strain also in-
creases by 62% and 22% for the two different specimens. For the
same range of the strain rate, the elastic modulus is increased by
17%.
When comparing the tensile strength between un-notched and
notched specimens, the notched strength was lower by approxi-
mately 45% more or less than the un-notched at all the applied
strain rates. On the other hand, the fracture strain was reduced
much greater for the notched specimen at higher applied strain
rate. The reduction was more than 40% at the strain rate of
0.05 s1 in contrast to 25% at 0.0005 s1.
During each testing of un-notched and notched specimens, vid-
eotaping was conducted to investigate progressive failure of the
specimens. For un-notched specimens, the general failure modes
were consistent regardless of the applied strain rates. The speci-
men failure started with matrix cracking and interfacial debonding
followed by fiber breaking. A small crack appeared at an unknown
initial defect site, and the specimen was fractured into two pieces
with very rugged fracture surfaces as shown in Fig. 9. ‘‘Cracking’’
sound was heard at the onset of fracture while testing the speci-
men at a low strain rate. The observation from the optical micro-
scope as shown in Fig. 10, enhanced the visual observation of
fiber breakage and matrix cracking.
The representative images of the progressive failure of the
notched specimens are shown in Fig. 11. All the perforated tensile
specimens failed from the edge of the hole in the normal direction
to the loading axis consistently at different strain rates. The overall
progressive failure for the notched specimens was quite similar to
that for the un-notched specimen. However, the notch specimen
failed at the expected location of the stress concentration site.
There was also noticeable initial cracking from the hole edge
extending to the left and/or right of the hole before the terminal
failure of the specimens where the fiber breaking and fiber pull-
out occurred. The initial crack size was smaller as the strain rate in-
creased as shown in Table 6. Large ‘‘cracking’’ sound was heard
while testing the specimen at the lower strain rate as the speci-
mens snapped into two pieces. This suggests that the larger initial





















Fig. 6. Plot of tensile failure strength vs. applied uniform nominal strain rate.








































Fig. 8. Plot of tensile elastic modulus vs. applied nominal strain rate for un-notched
specimens.
Crack growth before 
complete fracture Specimen fracture 
Initiation of matrix 
crack propagation. 
Fig. 9. Progressive failure of un-notched tension specimen.
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ture for the remaining cross-section in front of the crack.
The initial crack size was used as the critical distances in the
average stress failure criterion and the point stress failure criterion
[2] in order to predict the failure strength of the notched speci-
mens based on the un-notched strength. The stress concentration
factor for the perforated specimen is 2.25 for the given ratio of
the hole radius to the specimen width assuming a homogeneousmaterial. This stress concentration factor was confirmed from the
strain measurement using the digital image correlation technique.
The ratio of the notched strength to the un-notched strength,
rN/ro, was computed for the point stress and average stress criteria
and compared to the experimental results for different strain rates
as tabulated in Table 6.
From Table 6, the average stress criterion predicts relatively clo-
ser to the experimental results compared to the point stress crite-
rion. The point stress and average stress criteria only utilize the
stress concentration factor and the characteristic distance to deter-
mine the notch strength of the laminate. Even though the elastic
modulus of the composite varies with the strain rate, the stress
concentration factor does not depend on the modulus as long as
it is assumed homogeneous and quasi-isotropic. Thus, the strain
rate does not affect the ratio of the notch strength to the un-
notched strength using the homogenized model. The only parame-
ter that affects the ratio is the characteristic distance in the point
and average stress criteria. Using the initial crack size as the char-
acteristic distance can include the strain rate effect because the ini-
tial crack size depends on the strain rate.
The above study considered a homogeneous model. However,
the composite is not homogeneous at the micro-scale. As a result,
the next study examined the effect of non-homogeneous microm-
echanics of the composite specimen on its stress/strain distribu-
tion. In other words, the fibers were modeled discretely in the
specimen with a center hole. However, an approximation was
made in the non-homogeneous discrete model which has a finite
element mesh of separate elements comprised of fiber and matrix
material properties, respectively. The size of fiber elements was
that of fiber bundles instead of that of an actual individual fiber.
Since a two-dimensional analysis was performed, only the longitu-
dinal fibers were considered and the transverse fibers were ne-
glected even though the specimen was the plain weave fabric.
The transverse fibers have a minimal contribution for the longitu-
dinal loading.
While one edge of the perforated non-homogeneous model was
fixed, the opposite edge had a uniform tensile displacement as con-
ducted in the experiment. The resultant strain was plotted along
the minimum cross-section across the hole as shown in Fig. 12. Dif-
ferent elastic modulus ratios of the fiber–matrix materials (Ef/Em)
were considered. The unit ratio (Ef/Em = 1) was included to repre-
sent a homogeneous model. The strain plots in Fig. 12 were nor-
malized with respect to the nominal strain applied to the model.
As shown in the figure, the strain concentration becomes greater
as the fiber-to-matrix modulus ratio becomes larger. A typical elas-
tic modulus ratio of the E-glass fiber–matrix material is usually be-
tween 10 and 20. When matrix cracking occurs before the fiber
breakage, the effective fiber-to-matrix modulus ratio becomes lar-
ger, which results in a greater stress concentration.
Observation of the strain plot suggests that fibers would break






Fig. 10. Post-failure observation using optical microscope shows fiber breakage and matrix cracking at the fracture edge of un-notched specimen.
Crack growth before 
complete fracture Specimen fracture Early stage of loading 
Fig. 11. Progressive failure of perforated tension specimen.
















Fig. 12. Strain plot along the minimum section of a perforated plate for the non-
homogeneous, micromechanics-based model with different ratios of the fiber–
matrix modulii.
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0.80 mm and 1.3 mm from the hole edge, as shown in Fig. 12. As
a result, if the mesh is refined, the peak strain zone would be be-
tween 0.80 mm and 1.3 mm, which is proposed as the initial crack
size. This prediction agrees well with the experimental measure-
ment as listed in Table 6, which ranges between 0.83 mm and
1.3 mm.
4.2. Compression tests under constant strain rate loading
Compressive tests of the composite specimens also revealed
sensitivity of material properties depending on the strain rate.
The compressive failure strength increases as the applied strain
rate increases as shown in Fig. 13. As expected, the notch strength
is lower than the un-notched strength. Comparing the tensile
strength in Fig. 6 to the compressive strength in Fig. 13 shows that
the un-notch strength is much greater under tension than under
compression but the notch strength is similar to each loading.
The compressive failure is caused by the fiber micro-buckling
which occurs at a much lower stress than the fiber breakage asso-
ciated with tensile failure. Fig. 14 shows the optical microscopic
picture of the micro-buckled fibers. On the other hand, the buck-
ling failure is less affected by the localized stresses and strains.
The notched compressive strength is relatively comparable to the
un-notched compressive strength thus the ratio of the former to
the latter is even greater than the ratio of the reduced cross-section
(hole diameter subtracted from specimen width) to the un-
reduced cross-section.Table 6










0.0005 4 2.25 1.3 0.442
0.005 4 2.25 0.96 0.390
0.05 4 2.25 0.83 0.417All the perforated compression specimens failed from the hole
in the direction normal to the loading axis and damage was not
noted until at least 80% of the failure load was reached for all the
test cases. Fig. 15 shows the progressive failure of a perforated
specimen subjected to compressive load. As the load increases,
there is compressive stress concentration around the hole. Similar
to the un-notched specimen, the perforated specimens have matrix
cracking initially and fiber micro-buckling along the plane of frac-
ture. Before the complete failure, a localized failure is observed at
the edge of the hole as shown in Fig. 15. As the load increases fur-
ther, the local cracks extend such that the damage zone propagates
rapidly and a sudden and complete loss of load bearing ability
occurs.
Although the ultimate compressive strength for all notched
specimens is lower than the un-notched specimens for all applied
strain rates, the compressive fracture strain of the notched speci-
mens is higher than that of the un-notched specimens except for
the strain rate of 0.01 s1 as shown in Fig. 16. Especially, the
notched fracture strain at the rate of 0.2 s1 is significantly greater
than the un-notched fracture strain.
The elastic modulus in compression is plotted in Fig. 17 for var-
ious strain rates. The figure shows that the modulus increasesory.
ent rNro Point stress
criterion rNro
Error (%) Average stress
criterion rNro
Error (%)
0.543 18.5 0.468 5.6
0.498 21.7 0.453 13.8
0.482 13.4 0.447 6.75
Crack growth before 
complete fracture Specimen fracture Early stage of loading 
Fig. 15. Progressive Failure of perforated compression specimen.


















Fig. 16. Plot of compressive fracture strain vs. applied nominal strain rate.



















Fig. 13. Plot of compressive failure strength vs. applied nominal strain rate.
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tensile elastic modulus. However, the compressive elastic modulus
is much smaller than the tensile modulus and the effect of strain
rate is less for the former than the latter.
While the tensile failure depends on the strength, compressive
failure due to fiber micro-buckling is related to the modulus.
Because the strain rate influences greater on the strength than
modulus, the compressive notch strength is less sensitive to the
strain rate than the tensile notch strength.
4.3. Non-uniform, varying strain rate loading
This section discusses the results from the non-uniform, varying
strain rates for the un-notched and notched specimens under com-
pression and tension loading. The strain rate was changed from the
first rate to the second rate and kept constant until the specimen
failed. The detailed rate change and the onset of the change are
shown in Tables 4 and 5. As shown in the tables, the strain rate var-
ies from a low rate to a high rate as well as a high rate to a low rate,
respectively, in order to see the effect of loading rate history or
sequence.
The results from the non-uniform, varying strain rate testing of
the un-notched specimens under tensile and compressive loading
are presented in the stress–strain curves as shown in Figs. 18
and 19, respectively. In the figures, the corresponding constant rate
stress–strain curves are also included for references and compari-
son. For the un-notched specimens under tension, both varying
rate loads result in more similar stress–strain curves as that for
the higher strain rate 0.05 s1. However, the high-to-low strain
rate change yields a slightly higher failure strength and slightly
lower fracture strain than those for the rate 0.05 s1. On the otherFiber breaking
Micro-buckling
Fig. 14. Post-failure observation using optical microscope shows fibhand, the low-to-high rate change results in an opposite result.
Comparing the varying stress–strain curves to the two individual
constant strain rate curves suggests that any averaging of the
two latter curves would not represent the varying rate stress–
strain curves properly. The stress–strain curves under varying
strain rates are history-dependent on the strain rates.
The strain rate effect under compression is smaller than that
under tension. As a result, the varying strain rate effect is less for
the compressive loading as shown in Fig. 19. The failure strength
for the varying rate loading is almost the same as that of the con-
stant rate loading of the second rate, For example, the 0.001–
0.2 s1 loading has very close failure strength as the 0.2 s1
loading. Furthermore, the 0.001–0.2 s1 loading yields greater frac-
ture strength and strain than the 0.2–0.001 s1 loading.
Varying strain rates also affected the notched specimens in
terms of their fracture strength and strain as shown in Tables 7
and 8. Regardless of tension or compression, the low-to-high rateFiber Micro-buckling



























Fig. 17. Plot of compressive elastic modulus vs. applied nominal strain rate for un-
notched specimens.



















Fig. 18. Comparison of varying and constant strain rates under tension for un-
notched specimen.




















Fig. 19. Comparison of varying and constant strain rates under compression for un-
notched specimen.
Table 7









0.0005 83.7 0.0196 0.442
0.05 124.4 0.0239 0.417
0.0005–0.05 100.3 0.0242 0.585
0.05–0.0005 91.0 0.0198 0.471
Table 8









0.001 109.8 0.0579 0.824
0.2 124.4 0.0711 0.942
0.001–0.2 122.5 0.0578 0.984
0.2–0.001 111.5 0.0514 0.946
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high-to-low rate change for notched specimens. For both tensile
and compressive loading, the notch strengths for the varying rates
are bounded by those values of the two individual constant strain
rates, but their nominal fracture strains are not. The tensile
notched nominal fracture strain of the varying rate loading is veryclose to that of the second constant rate loading. Similarly, under
compressive loading, the notch strength of the varying rate loading
is very close to that of the second constant rate loading.
Comparing strength ratios of the notched to un-notched speci-
mens under tension shows that all varying strain rate loads results
in high ratios than the uniform strain rate loads as seen in Table 7.
In other words, the reduction in tensile strength caused by a notch
is smaller for the varying strain rates. This fact is also true for the
compressive strength even though the notch effect is much smaller
for compression as discussed previously.
5. Conclusion
Notched specimens showed initial cracks at the edge of the hole
before final fracture regardless of tensile or compressive loading.
The initial crack under tensile loading became smaller as the strain
rate increased. The initial crack length was predicted using the
finite element analysis of the non-homogeneous, micromechanics-
basedmodel. The predicted length agreedwell with the experimen-
tal measurement. Using the initial crack size as the characteristic
distance for the average stress failure criterion yielded acceptable
tensile notch strengths for different loading rates.
The compressive notch strength was comparable to, or even
slightly higher than, the tensile notch strength because the failure
mode was different between tension and compression. In other
words, the notch effect was much smaller for the fiber micro-buck-
ling failure. Furthermore, the micro-bucking depends on the mod-
ulus rather than the strength, and the modulus is less sensitive to
the strain rate. Therefore, the compressive notch strength was less
sensitive to the strain rate than the tensile notch strength.
Although the ultimate compressive strengths for the perforated
specimens were lower than those of the un-notched specimens for
all applied strain rates, the compressive fracture strains of the per-
forated specimens were generally higher than those of the un-
notched specimens. On the other hand, when the specimens were
subjected to tension loads, the tensile strength and fracture strain
of the un-notched specimen were higher than the perforated spec-
imen at different strain rates.
The non-uniform, varying strain rate tests showed that the
material characteristics depend on the history of the applied load-
ing rates. For the tensile loading, the perforated specimen under
the varying strain rate failed almost at the same fracture strain
of the second part strain rate while their tensile notch strengths
were bounded by those of respective constant strain rates.
For the un-notched specimens, either the tensile strength or the
fracture strain under a varying strain rate was smaller than that
832 Y.K. Boey, Y.W. Kwon / Composite Structures 96 (2013) 824–832of any respective constant strain rate. If the strength for the vary-
ing strain rate was the smallest, the associated fracture strain was
bounded between the two values of respective constant strain
rates. On the other hand, the reduction in tensile strength resulting
from a notch was smaller for the varying rate loading rather than
for the constant rate loading.
For compressive varying strain rate loading, the failure
strengths of un-notched specimens were relatively close to those
at the second part strain rates. However, the fracture strains were
lower than those at the second part strain rates. For the notched
specimens, the compressive fracture strains at the varying strain
rates were lower than any of the individual constant strain rate
loading. However, the notch strengths for the varying rates were
almost equal to those of the second part strain rates. The reduction
in compressive strength resulting from a notch was smaller for the
varying rate loading than for the constant rate loading.
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